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More than 85 per cent of all chemical industry products are made using catalysts 1,2 , the overwhelming majority of which are heterogeneous catalysts 2 that function at the gas-solid interface 3 . Consequently, much effort is invested in optimizing the design of catalytic reactors, usually by modelling 4 the coupling between heat transfer, fluid dynamics and surface reaction kinetics. The complexity involved requires a calibration of model approximations against experimental observations 5, 6 , with temperature maps being particularly valuable because temperature control is often essential for optimal operation and because temperature gradients contain information about the energetics of a reaction. However, it is challenging to probe the behaviour of a gas inside a reactor without disturbing its flow, particularly when trying also to map the physical parameters and gradients that dictate heat and mass flow and catalytic efficiency [1] [2] [3] [4] [5] [6] [7] [8] [9] . Although optical techniques [10] [11] [12] and sensors 13, 14 have been used for that purpose, the former perform poorly in opaque media and the latter perturb the flow. NMR thermometry can measure temperature non-invasively, but traditional approaches applied to gases produce signals that depend only weakly on temperature 15, 16 are rapidly attenuated by diffusion 16, 17 or require contrast agents 18 that may interfere with reactions. Here we present a new NMR thermometry technique that circumvents these problems by exploiting the inverse relationship between NMR linewidths and temperature caused by motional averaging in a weak magnetic field gradient. We demonstrate the concept by non-invasively mapping gas temperatures during the hydrogenation of propylene in reactors packed with metal nanoparticles and metal-organic framework catalysts, with measurement errors of less than four per cent of the absolute temperature. These results establish our technique as a non-invasive tool for locating hot and cold spots in catalyst-packed gas-solid reactors, with unprecedented capabilities for testing the approximations used in reactor modelling. Figure 1 summarizes our technique, which exploits the effect of motional averaging in a weak magnetic field gradient (=1 G cm
21
). Nuclear spins acquire a random phase shift owing to the stochastic trajectories of molecules in the presence of a magnetic field gradient. This dephasing leads to faster signal decay, and spectral peaks are consequently broadened. Higher temperatures accelerate molecular motion 19 , leading to more efficient temporal averaging of the applied gradient (Fig. 1a) . This method is a powerful complement to existing techniques for visualizing catalytic reactions under a range of experimental conditions 7, 8, [20] [21] [22] [23] [24] [25] [26] [27] . The pulse sequence separates the phase-encoding scheme from the detection period to yield spectroscopic images (Supplementary Information). We apply a constant magnetic field gradient during the detection period to introduce temperature-dependent line broadening. This gradient differs from a conventional frequency-encoding gradient or pulsed-field-gradient NMR 16 because it is much too weak to provide spatial encoding of the image or signal attenuation, respectively. When imaging gradients are used, Fourier transformation of the data set with respect to reciprocal space of the phase-encoding scheme yields an image containing a one-dimensional NMR spectrum in each voxel. The linewidth variations in each voxel are converted into temperatures using the calibration described below.
We tested this method over a temperature range of 293-443 K using a catalyst-packed, laboratory-scale demonstration reactor in which propylene and hydrogen reacted to form propane (Methods). The dependence of linewidth on temperature was calibrated over the entire reactor by omitting phase-encoding gradients and comparing the observed linewidth against temperatures measured by fibre-optic temperature sensors. To get absolute temperatures, the temperature scale must be fixed by placing a sensor at a convenient location where perturbation of the flow is minimal (for example, near an inlet or outlet). In the absence of an applied gradient, measured linewidths in the chemical reactor system (Fig. 2) show negligible temperature dependence (Fig. 1b) ; internal magnetic field inhomogeneities are thus too weak to produce any significant effects. The situation changes when we apply a gradient to deliberately temperatures, gas molecules move faster and molecular motion averages the effects of the dephasing gradient. Because the spins experience more of the average magnetic field, linewidths are narrower. FWHM, full-width at half-maximum. b, Without a gradient, the linewidth is weakly dependent on temperature. As we turn on the external gradient, the linewidth dependence on temperature grows and becomes independent of the nature of the porous medium. c, In the calibration experiment of b, we fit the propylene spectrum at each temperature to a sum of Lorentzian distributions to extract the linewidth. Temperature calibrations were performed for over 30 different systems. The particular data shown in b is an example of one system. broaden the lines (Fig. 1c) , with a modest gradient (0.10 G cm
) yielding a temperature dependence of 20.130 6 0.006 Hz K 21 (Fig. 1b) . Stronger gradients lead to stronger temperature dependence (Fig. 1b) . The temperature dependence over this temperature range is well modelled by a linear regression. where T is temperature. For the Pd-MOF system and an identical gradient, the linewidth is
The slopes of the lines described by equations (1) and (2), which encode the temperature dependences of the linewidths, together with the pointsensor readout reference, yield absolute temperature maps for the PtNP and Pd-MOF reactor beds, respectively. Figure 3 shows the thermal images for axial, sagittal, and coronal views in which only pixels with a signal-tonoise ratio (SNR) greater than four are displayed. These images show significant temperature variations throughout the catalyst bed, as expected for a heterogeneous reactor. The temperature inhomogeneities correlate with both the packing of the catalyst-impregnated glass wool (Fig. 3) and also the placement of the inlet and the outlet of the reactor. Owing to non-uniform catalyst packing, some regions are more active than others, leading to differences in catalytic conversion ('hot spots' and 'cold spots'). Another application of such thermal maps, if the heat capacity of the medium is known, would be to map spatial gradients in the internal energy (U) of the reaction through the thermodynamic relationship DU 5 C V DT. From these, we could derive a fundamental thermodynamic quantity, DU, of the reaction, which reveals the flow of energy. The effective heat capacity of the medium (C V ) could potentially be inferred from microcomputed tomography images such as those of Fig. 2 . The characteristic length scales of jDTj could be compared with those of the microcomputed tomography map in similar reactors to gain insight into the thermal flux of the system (Supplementary Information).
To validate the NMR-derived temperature measurements, three fibreoptic temperature sensors were placed at the centre of the FOV, and 4 mm below and 4 mm above the FOV centre (Fig. 3) . The sensors in the PtNP reactor measured temperatures of 398, 412 and 427 K, which correspond well to the NMR-derived temperatures in the coronal map (that is, 400, 417 and 424 K). Similarly, the in situ temperature measurements in the Pd-MOF reactor gave 382, 411 and 425 K, which compare well with the NMR-derived measurements in the sagittal map (that is, 389, 416 and 441 K). The random error in the NMR-derived temperature measurement
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Figure 2 | The chemical reactor system. Orthogonal slices of the system determined by micro-computed tomography. The reactor shown here consists of a 10-mm Pyrex NMR tube, a gas inlet tube and a heterogeneous catalyst loaded on glass wool. To validate the NMR method, independent temperature measurements were made using fibre-optic probes placed at three different locations (arrows) within the NMR field of view (FOV). The approximate location of the FOV is indicated by the dashed box. The axial, coronal and sagittal planes correspond to those in Fig. 3 . Temperature was calculated only for pixels with SNR . 4 (blue outline). The temperature measurement was confirmed by fibre-optic temperature sensors placed within the FOV, indicated by circles on the thermal maps. Sensor probe alignment relative to the reactor is shown in Fig. 2 . Thermal maps were generated for more than 15 experiments. The particular thermal maps shown above are two representative examples of those maps.
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was calculated to be 4% on the Kelvin scale using the relative errors in the linear regression, d(Df )=Df and d(Df =DT)=(Df =DT), where Df is the linewidth from the fit of the spectrum and Df/DT is the slope of the temperature calibration curve. The disagreement between NMRderived temperatures and fibre-optic-sensor measurements was at most 4%; thus, systematic errors for the systems studied were not significant. The correspondence of these results demonstrates the ability to map temperatures of reacting gases inside an operating catalytic reactor with millimetre resolution using the NMR signal from thermally polarized protons.
The above proof-of-principle experiments used a 10-mm reactor; so 1-mm-diameter point sensors are much smaller than the reactor and thus cause minimal perturbation of the flow. Once validated, the method can be used on smaller reactors with only a single reference temperature measured at a convenient location outside the reactor bed to avoid perturbing the flow. Thermal maps of a microreactor are shown in Fig. 4 , where para-state-enriched hydrogen [22] [23] [24] [25] [26] [27] was used as reactant to overcome the loss of signal associated with the smaller image voxels. This reactor was packed without glass wool support.
NMR thermometry based on the nuclear spin-lattice relaxation time (T 1 ) or spin-spin relaxation time (T 2 ) is widely applicable in liquids, but either impractical or insensitive when applied to gas-phase reactions: T 2 measured over the temperature range 303-413 K (Methods) lacked a statistically significant temperature dependence, and inversionrecovery measurements showed that T 1 is temperature dependent (22.3 6 0.2 ms K
21
) but required a minimum of 51 inversion times to yield temperature measurements with comparable precision (equating to a scan time of 1,000 h to create thermal maps). If the number of inversionrecovery steps is reduced to four, the error in temperature would be a factor of forty greater than with our motional-averaging technique and the scan time would still be a factor of five times longer (,2.5 h) than our technique (,30 min).
We expect our motional-averaging NMR method, which outperforms existing thermometry techniques in the gas phase, to open the way to studies of in situ thermodynamics and optimization of gassolid reactors. The method is robust relative to factors such as pressure, gas composition, reactor type, catalyst type, reaction rate and steadystate conversion (Supplementary Information). Moreover, its temperature sensitivity is tunable: the stronger the applied gradient, the stronger the dependence on temperature and the higher the sensitivity of the method. In practice, the gradient should be significantly stronger than the internal magnetic field inhomogeneities to ensure that the temperature calibration coefficient is essentially sample independent, but it should be weak enough to avoid broadening the lines beyond detection. And because the primary requirement is the presence of NMR-active nuclei in a gas-phase component, the technique will be applicable to most industrially relevant reactions (including those involving mixed gas-liquid-solid phases).
METHODS SUMMARY
NMR spectroscopy and imaging were performed using a Varian 9.4 T VNMRS 400 MHz magnet with air-regulated variable temperature control and micro-imaging gradients. Samples were allowed to equilibrate thermally for 10 min at each temperature, and this was followed by probe retuning. The temperature calibration was performed using FISO FOT-L fibre-optic temperature sensors (FISO Technologies, Inc.). Propylene and hydrogen gases (ultrahigh purity) were obtained from Airgas. Data was processed using VNMRJ 2.3 A and MATLAB (MathWorks).
The catalysts were prepared following reported procedures [27] [28] [29] [30] . Details about the motional-averaging technique calibration, temperature mapping, T 1 and T 2 relaxometry, and microreactor imaging 30 can be found in the online Methods section.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. Signal enhancement from para-state hydrogen was used to provide detailed views inside the microreactor, which was held at approximately 418 K by using a variable temperature controller to preheat the gas flowing through a heat exchange radio-frequency (RF) coil. a, Schematic view; b, thermal map. The temperature calibration coefficient was 20.200 6 0.006 Hz K
21
. The thermal map depicts temperature changes relative to the incoming gas. Spatial distributions of linewidths were mapped on five different reactors prepared similarly. Each reactor exhibited comparable heterogeneity in the temperature distributions.
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